The structural characteristics of native lignin are essential for the further deconstruction of plant cell walls for value-added application of lignocellulosic biomass. An improved protocol of cellulolytic enzyme lignin named regenerated cellulolytic enzyme lignin (RCEL) was developed in the present study. In short, the understanding of native lignin in fast-growing poplar will contribute to the diversification of the biomass feedstock supply for designing effective deconstruction strategies for lignocellulosic biomass.
In short, the understanding of native lignin in fast-growing poplar will contribute to the diversification of the biomass feedstock supply for designing effective deconstruction strategies for lignocellulosic biomass.
Introduction
Lignocellulosic biomass is attracting lots of attention due to its potential as an abundant renewable resource, it could replace fossil fuels as the major feedstock for the production of fuels, chemicals, and materials. 1 Biomass deconstruction is a crucial step to realize the value-added applications of this abundant renewable resource. Among the various factors affecting biomass deconstruction, the presence of lignin is one of the most signicant reasons for biomass recalcitrance. 2 In general, the effective dissociation of lignin from plant cell wall mainly depends on the understanding of structural characteristics of native lignin in the plant and developing an appropriate separation strategy. Therefore, better understanding of chemical composition and structural characteristics of native lignin is of vital importance for the further deconstruction of plant cell wall for value-added application of lignocellulosic biomass.
In the plant cell wall, lignin is the most abundant natural aromatic polymer second to cellulose, and regarded as being formed by three hydroxycinnamyl alcohol according to degree of methoxylation: p-coumaryl, coniferyl, and sinapyl alcohols. These monolignols generate different types of lignin units, such as H (p-hydroxyphenyl), G (guaiacyl), and S (syringyl) units. Although the structure of the lignin has been studied for many years, its complexity and irregularity have not yet been completely elucidated due to the current cognitive level. 3 In fact, the understanding of the structure of lignin mainly depends on the constantly progressive lignin extraction and analysis technologies although some key substructures are identied and characterized by pioneers. 3 Meanwhile, the structural substructures of lignin in the plant cell wall can be also characterized by the in situ whole cell wall NMR techniques. MHz), restricting its applications in regular laboratory regarding to wood chemistry. In addition, to obtain more detailed structural characteristics of lignin macromolecule in the plant cell wall, lignin extraction by neutral solvent (i.e. dioxane) is usually highly needed. In general, it is vital important to obtain a more representative lignin sample prior to analyzing the structural features of lignin in the plant cell wall. However, a principal question in elucidating the structure of native lignin is that it cannot be isolated without any chemical and physical alteration form. 5 Björkman (1956) presented a representative MWL (milled wood lignin), in which it was extracted with aqueous dioxane (96%) from the ball-milled wood.
7 MWL is considered to be the rst main advance towards isolating lignin in a relatively unaltered state. By contrast, other methods used enzymatic treatment to remove the majority of carbohydrates, prior to solvent extraction with aqueous dioxane, producing a relatively higher yield of lignin called cellulolytic enzyme lignin (CEL). 8 However, it takes a long time to obtain CEL, and the yields (more than 30%, based on the total amount of lignin) are oen related to ball-milling process and subsequent purication process. In fact, the yield of CEL is mostly ascribed to the existence of highly crystalline and inaccessible cellulose, which is also embedded in a matrix of wood polysaccharides and lignin.
9 Ball-milling process facilitates the disintegration of crystalline structures of cellulose, but the dissolution or swelling of ball-milled biomass by specic solvents was considered to be a more facile method for disrupting the crystalline structure of cellulose and increasing its accessibility to cellulases. 10, 11 Thus, the efficiency of enzymatic hydrolysis of cellulose in different pretreated substrates can be improved to different degrees aer different dissolution or swelling process.
Fortunately, the knowledge of plant cell wall dissolution systems facilitates the development of new methods for lignin isolation. Zhang et al., (2010) had proposed a modied CEL method with a higher yield (45.8%) as compared to corresponding CEL (36.5%) based on DMSO/N-methylimidazole dissolution system.
11 Aerwards, Capanema et al. (2014) had developed a novel lignin isolation method, in which the ballmilled lignocellulose was dissolved in DMSO/LiCl solvent system and then regenerated it in water prior to enzymatic hydrolysis. 12 The lignin obtained was named as regenerated cellulolytic enzyme lignin (RCEL). It was also found that the yield of RCEL extracted with 80% aqueous dioxane from 3 h ball-milled hardwood reached to 93%, 12 which was higher than that (70%) of corresponding CEL-80%. Similarly, it was found that the yield of RCEL extracted with 96% dioxane from the regenerated substrates based on DMSO/LiCl solvent system reached 73.2% (based on Klason lignin in original internode from wheat straw), which was slightly higher than that of corresponding CEL (68.2%). 13 Recently, DMSO-d 6 and [Emim]OAcd 14 were used to dissolve Miscanthus cell walls, aiming to in situ characterize the structural features of lignin in Miscanthus by 2D-HSQC technique.
14 However, the signals representing for lignin substructures in in situ 2D-HSQC spectra of the whole cell wall were hindered by other signals of carbohydrates, especially for the signals of acylation in some hardwood (poplar wood and willow), in addition, some deuterated solvents (e.g. deuterated ionic liquid) were currently unavailable although they have a good dissolving capacity for ne ball-milled plant cell wall. Because of good dissolving capacity of DMSO and [Emim]OAc to ball-milled plant cell wall, thus it can be used for regenerating plant cell wall prior to enzymatic hydrolysis, aiming to increase the enzymatic hydrolysis efficiency.
Triploid of Populus tomentosa Carr., a kind of fast-growing poplar species widely planted in China due to its large quantity and various benecial characteristics, such as cold resistance, drought tolerance, and pest resistance. 15 Moreover, this new variety is superior in short rotation and high wood quality to other poplar varieties. To effectively isolate a more representative native lignin and understand the molecular characteristic of lignin as well as lignin-carbohydrate complex in this kind of poplar wood, the mixture of DMSO and [Emim]OAc at different temperatures was used to dissolve the plant cell wall prior to enzymatic hydrolysis and the dissolution behavior of the lignocelluloses was revealed by the uorescence microscope and confocal Raman spectroscopy. Aerwards, 80% aqueous dioxane was used to extract RCEL-80% from the regenerated cell wall aer enzymatic hydrolysis, and the yields, associated carbohydrates (also lignin-carbohydrate complexes, LCC), molecular weights (gel permeation chromatography, GPC), structural characteristics (2D heteronuclear single quantum coherence, 2D-HSQC), and functional groups ( 31 P-NMR) of the isolated native lignin were comprehensively investigated as compared to those of traditional CEL sample. Furthermore, the structural changes of the regenerated substrates obtained aer the dissolution and regeneration process were characterized by solid-state CP/MAS 13 C-NMR spectroscopy and the glucose released from enzymatic hydrolysis of the substrates was also evaluated by the high performance anion exchange chromatography (HPAEC). It is believed that the proposed lignin isolating method will improve the understanding of ligninlignin and lignin-carbohydrate linkages in the plant cell wall of this fast-growing poplar, which will enable the development of a more efficient deconstruction strategy for the poplar wood.
Experimental section

Materials
Poplar wood (triploid of Populus tomentosa Carr.), which is 5 year-old was taken from Shandong province in China, in March, 2015, removed the bark and then ground using a Wiley Mill to pass a 20-40 mesh sieve. The subsequent treatment with a mixture of ethanol/benzene (1 : 2, v/v) for 6 h removed extractives and obtained extractives-free samples. The dewaxed samples were air-dried at 60 C for 16 h and stored at 5 C before use. The major components (% w/w) of the poplar wood were cellulose (45.82%), hemicelluloses (21.00%), and lignin (22.78%) based on a dry weight basis, respectively, which were analyzed by the standard of National Renewable Energy Laboratory (NREL). 16 The dewaxed wood powder (25 g ) was subjected to milling in a planetary ball mill (FritschGmbH, IdarOberstein, Germany) at a xed frequency of 500 rpm for 5 h under N 2 (room temperature) as previously. 17 All chemicals used in this study were purchased from Sigma Chemical Co. (Beijing, China), except for cellulase. CEL preparation is one of the well-established methods to isolate lignin for structural elucidation. 8 Technically, the CEL and RCEL samples were prepared as the following procedures, the ball-milled material (10 g) or the regenerated materials (8.23-9.10 g) were suspended in acetate buffer (0.05 mol l À1 , pH 4.8), and the substrate concentration was about 5%. Then cellulase (Cellic@ CTec2, 100 FPU mL À1 ), which was kindly provided from Novozymes, Beijing, China, was added into the suspension with 50 FPU g À1 substrate, prior to incubating in a shaker (180 rpm) (DZH-2102, Jinghong, Shanghai, China) at 50 C for 72 h. Aer enzymatic hydrolysis, the mixtures were centrifuged to remove the supernatant aer enzymatic hydrolysis, the residues were washed for 2-3 times using acetate buffer and deionized water, respectively, and then freeze-dried. The dried enzymatic hydrolyzed samples were extracted (2 Â 24 h) with 96% and 80% aqueous dioxane (v/v) with a solid to liquid ratio of 1 : 40 (g mL À1 ). By contrast, the enzymatic hydrolysis residues of regenerated wood were extracted with 80% aqueous dioxane with a solid to liquid ratio of 1 : 40 (g mL À1 ) at room temperature for 48 h (2 Â 24 h). The extracting liquid, which were obtained by centrifugation, were concentrated and precipitated into 10 volumes of acid water (pH ¼ 2.0), then the precipitated lignin were freeze-dried to obtain crude CEL and RCEL samples. To remove some carbohydrates remained in these preparations, purication was necessary. The crude CEL and RCEL samples (1 g) were dissolved into 20 mL 90% acetic acid and removed the insoluble part, the supernatants were slowly dropped into 10 volumes of acid water (pH ¼ 2.0) and washed several times with deionized water. The residues were freeze-dried and then the puried lignin samples were obtained. Meanwhile, to understand the differences in yield of RCEL samples under different dissolution temperatures, it is important to acquire the curves regarding to glucose yield versus time at different temperatures, i.e. enzymatic hydrolysis efficiency. The procedure of enzymatic hydrolysis is in accordance with the aforementioned method, except for the doses of cellulase (15 FPU g À1 substrate for enzymatic hydrolysis efficiency), during the process, the hydrolysates were termly sampled (3, 6, 9, 12, 24, 48, 60, 72 h) and analyzed by a HPAEC (Dionex, ICS 3000, U.S.) system.
Dissolution and regeneration of ball-milled poplar wood
Characterization of ball-milled and regenerated ballmilled poplar wood
Composition analysis was conducted by hydrolyzing the extractives-free poplar wood and lignin preparations with dilute sulfuric acid according to the NREL protocol. 16 The acid-soluble lignin was measured by absorbance at 240 nm in a UV-vis spectrometer (TU-1810, Beijing, China). The structural changes of the regenerated substrates obtained during the dissolution process were characterized by solid-state CP/MAS 13 C-NMR spectroscopy, and the enzymatic hydrolysis of the substrates was also evaluated by the high performance anion exchange chromatography (HPAEC).
To detect the change of poplar wood during dissolution process, microscope (Optical Microscope Nikon eclipse E200 and Fluorescence Microscope LEICA DM 2500) and Confocal Raman Microscopy (CRM) were combined to achieve this purpose. Confocal Raman Microscope (Horiba Jobin Yvon, Longjumeau, France) is a LabRam XploRa equipped with a confocal microscope (Olympus BX51, Tokyo, Japan) and a motorized x, y stage. The high spatial resolution of confocal Raman microscopy was ascribed to an MPlan 100 Â oil immersion microscope objective (Olympus, NA ¼ 1.40) and a linear-polarized laser (532 nm), which possessed of a diffraction-limited spot about 1.22/NA. An air-cooled backilluminated CCD behind the spectrograph was used to detect the Raman light. The detail method of making up cross section was followed the pattern as previously. 18 The spectra were extracted from the secondary wall (S) and cell corner middle lamella (CCML) of the ber, respectively. Hence, the morphology and distribution of compositions were clearly observed along the prolongation of time.
Structure elucidation of CELs and RCELs
The weight average (M w ) and number-average (M n ) molecular weights of the lignin preparations were determined by gel permeation chromatography (GPC, Agilent 1200, USA) according to a previous publication. 19 In general, acetylation process is necessary for measuring molecular weights of the native lignin samples. The detailed procedure of acetylation is revealed in the ESI. † 2D-HSQC NMR and 31 P-NMR spectra were recorded on a Bruker AVIII 400 MHz spectrometer at 25 C in DMSO-d 6 tted with a 5 mm gradient probe with inverse probe. For 2D-HSQC spectra, 50 mg of lignin was dissolved in 0.5 mL of DMSO-d 6 , and the sequence was conducted according to literature method (ESI †). 19 The quantitative 31 P-NMR spectra of CEL and RCEL samples were acquired aer the reaction of lignin with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) according to a previous literature. 20 All experiments in this study were performed in duplicate, and the data reported were the average values.
Results and discussion
Dissolution of ball-milled wood in DMSO/[Emin]OAc solvent system
The optical microscope was used to observe the dissolution process of DMSO/[Emim]OAc solvent system under different pretreatment temperatures. As shown in Fig. S1 , † it was found that the ball-milled poplar wood could be mostly dissolved at 80 and 100 C for 2 hours. Accordingly, pretreatment temperatures at 80 and 100 C will be benecial to the regeneration and subsequent enzymatic hydrolysis process of the substrates.
To reveal the microscopic distribution and change of lignin in the poplar cell walls before (raw) and aer dissolution process pretreatments at different temperatures (60, 80, and 100 C), the poplar cell wall slices were subjected to the uo-rescence microscope to trace these changes. As shown in Fig. 1 , the uorescence intensity of raw poplar wood was weak, while those for the pretreated cell walls slices were progressively increased with the pretreatment temperatures, especially at 100 C. Additionally, the uorescence intensity was also enhanced with the prolongation of pretreatment times. This phenomenon suggested that increasing content of lignin fractions dissolved during the pretreatment process were reprecipitated onto the surface of plant cell walls during the regeneration process.
Confocal Raman microscopy analysis
Raman images of lignin and carbohydrate distribution in the control and regenerated poplar wood cell walls are shown in Fig. 2 . In the Raman images, the varying intensity reected the different concentrations of lignin (le column) and carbohydrate (right column) in morphologically distinct cell wall regions. For the control poplar wood, the highest concentration of lignin was found in the cell corner middle lamella (CCML) regions, followed by compound middle lamella (CML), and the lowest level of intensity was in the secondary (S) regions. Aer the dissolution process of DMSO/[Emim]OAc solvent system under different temperatures, the concentrations of lignin in the pretreated samples showed a decreased trend in different degrees. In addition, the lignin concentrations in CCML and CML were obviously weakened aer the dissolution process at 80 C and 100 C. Moreover, the intermittent distribution of lignin was also observed aer dissolution process at 80 C and 100 C, suggesting that the relatively higher solution temperature will lead to the re-arrangement of lignin in the plant cell wall. In fact, the redistribution of lignin in plant cell wall means that the morphological and structural features of carbohydrates also changed during the dissolution process, which would nally change the digestibility of plant cell wall. By contrast, the concentration of carbohydrates in the plant cell wall increased aer the dissolution process, especially at 80 C, implying that the lignin was mostly removed from the CCML and CML by DMSO/[Emim]OAc solvent system under the conditions given.
Chemical and structural characterization of ball-milled and regenerated ball-milled poplar wood as well as corresponding enzymatic hydrolysis
To investigate the effect of DMSO/[Emim]OAc dissolution process on the recovery yield and chemical composition of poplar wood, the absolute component analysis of raw material and the pretreated substrates were measured. As shown in Table 1 , the recovery yield of the ball-milled poplar under 60, 80, and 100 C was 87.9, 91.0, and 82.3%, respectively. For raw poplar wood, the weight of hemicelluloses (including Fig. 1 Fluorescence microscope photos of poplar cell walls before (raw) and after dissolution treatments at different temperatures (60, 80, and 100 C).
rhamnose, arabinose, galactose, xylose, mannose, and uronic acid) in 100 g wood was 21.06 g, while it was decreased to 19.60, 17.49, and 16.08 g under the dissolution temperatures of 60, 80, and 100 C, respectively. The cellulose content expressed by glucose was also decreased from 45.80 to 44.20 g aer the dissolution process. It should be mentioned that some lignin fragments released during ball-milling process were lost in DMSO/[Emim]OAc/water mixture system (dissolution and regeneration process), which can be seen from the decreased lignin content in Table 1 . However, the amount of this part of lignin fragments is slight. In previous studies, the recovery yields of regenerated wood in different dissolution system were not mentioned, such as DMSO/NMI 11 and DMSO/LiCl 12 system, but the recovery yield was mentioned in a recent publication, in which the regenerated solid recovery was decreased from 91 to 85% as the milling time prolonged from 2 to 6 h. 13 In fact, the loss of lignin is overvalued based on the Table 1 in this study. As can be seen from CP/MAS spectra of the regenerated poplar substrates, the signal for DMSO was found at 39.5 ppm in the spectra of R-raw-100 C, suggesting that a trace amount of residual DMSO (39.5 ppm) still remains in the substrates, which will affects the compositional analysis of the regenerated substrate. However, in this study, the optimal dissolution temperature of DMSO/[Emim]OAc is 80 C under the conditions given, which was used for regenerating the plant cell wall and further RCEL extraction. In this case, lignin loss is less than that calculated from Table 1 . The CP/MAS 13 C-NMR spectra (Fig. 3) evidenced that DMSO/
[Emim]OAc solvent system resulted in structural changes of crystalline region of the ball-milled poplar wood. For raw ballmilled poplar wood, the crystallinity index (CrI) was 19.68%, while the CrI for the regenerated substrates (R-raw-60 C, R-raw-80 C, and R-raw-100 C) was 24.10%, 26.26%, and 21.36%, respectively (Table S1 †). The rstly increased CrI of the substrates was probably attributable to the removal of hemicelluloses and lignin, which were deemed as amorphous substances in the plant cell wall. 10, 11 However, the decreased CrI for R-raw-100 C was observed, suggesting that the partial degradation of crystalline region in cellulose also occurred during the dissolution and regeneration process at the high temperature (100 C). Besides the structural changes of cellulose, the relatively unchanged signal for lignin (151.98 ppm, etheried S 3,5 ) suggested that the main structures of lignin remain unchanged during the dissolution and regeneration process. Similarly, the appearance of the signals for acetyl groups (20.23 and 171.17 ppm) in hemicelluloses also implied that no obvious structural changes of hemicelluloses occurred during the process. Although the plant cell wall was subjected to ball-milling, the cellulose in plant cell wall is partly crystalline (Fig. 3) , and highly inaccessible to enzymatic attack. 21 In this study, the DMSO/[Emim]OAc solvent system was used for dissolution of the ball-milled poplar wood. The wood samples could be mostly dissolved aer the dissolution process. Aer the regeneration, it was found that the enzymatic digestibility of the regenerated substrates (63.2-88.7%, Fig. 4 ) was signicantly improved as compared to that of control sample (49.5%, ball- milled poplar wood). Obviously, the optimal enzymatic digestibility of R-raw-80 C reached to 88.7%. However, the slightly decreased enzymatic digestibility of R-raw-100 C was probably due to the existence of trace amount of residual DMSO (39.5 ppm) in the substrates, as also revealed by the aforementioned CP/MAS 13 C-NMR spectra. In short, the greatly enhanced efficiency of enzymatic hydrolysis of the regenerated ball-milled wood is primarily ascribed to the deconstructed plant cell wall (migratory lignin reected from CRM) in this solvent system. 22 
Yield and carbohydrate analysis of the CELs and RCELs
Traditionally, CEL was mostly used for structural analysis of native lignin in biomass. The method uses cellulolytic enzyme mixtures (containing cellulase and hemicellulase) to remove most of the carbohydrates prior to lignin extraction with aqueous 1,4-dioxane. 23 However, the yield of CEL was only 30.6% based on the total lignin of poplar wood in the present study ( Table 2 ). The reason for the low yield of CEL could be ascribed to the unsatisfactory enzymatic hydrolysis efficiency of the ball-milled wood. Although 80% dioxane can extract more native lignin as compared to 96% dioxane, 15 the yield only increased from 30.6 to 41.3% in this study. However, most lignin macromolecule still remained in the residue aer 80% dioxane extraction. Aer regeneration and enzymatic hydrolysis, the yields of RCEL-80% (RCEL-60 C, RCEL-80 C, and RCEL-100 C, extracted with 80% dioxane) under different dissolution conditions were increased from 43.0 to 85.3% (based on the total lignin content of regenerated wood sample). The result indicated that regeneration process prior to enzymatic hydrolysis led to disintegration of the ultramolecular structure of cellulose in the plant cell wall, improved the accessibility of cellulase to the regenerated poplar wood and increased the enzymatic hydrolysis efficiency of the regenerated poplar wood, obtained enzymatic hydrolysis residue (lignin-rich residue), and signicantly enhanced the yield of RCEL samples under different dissolution conditions. It was observed that the dissolution of poplar wood under 80 C in the presence of DMSO/[Emim]OAc led to the highest yield of RCEL, which is positively related to the highest enzymatic hydrolysis efficiency of the preswelled ball-milled poplar wood. With regarding to the carbohydrate content, the value for RCEL-80 C was 6.96%, which was slightly higher than those of RCEL-60 C (6.62%) and RCEL-100 C (6.01%). By contrast, a small quantity of associated carbohydrate was also appeared in CEL-80% (5.00%) and CEL-96% (2.78%). However, it should be noted that RCEL-80 C has the highest yield among all these CEL and RCEL samples, thus the optimal dissolution temperature of DMSO/[Emim]OAc is 80 C under the conditions given. As for the carbohydrate composition, it was found that xylose was the major component sugar and comprised 48.2% of the total sugars in the CEL-80%, which was higher than that of CEL-96% (41.7%). Similarly, xylose was also the major sugar in RCEL-80%, reaching to 50.6% for RCEL-60 C, 49.6% for RCEL-80 C, 51.1% for RCEL-100 C.
For other secondary sugars, such as glucose, galactose, glucuronic acid, arabinose, mannose, and rhamnose, the relative proportion of these monosaccharides in total sugars was similar in the CEL-80% and RCEL-80% extracted with 80% dioxane, while the relative proportion of glucuronic acid and arabinose was low in CEL-96% as compared to those in CEL-80% and RCEL-80%. The results showed that the lignin released as CEL-96% in this study may contain more linear hemicelluloses (xylans), while the lignin isolated as CEL-80% and RCEL-80% probably contain more branched hemicelluloses, which was in line with a previous publication. 17 Considering the different forms of associated xylan in these lignins, the presence of these carbohydrates in the isolated CEL and RCELs could be probably attributable to different xylan-lignin linkages. 
Molecular weight distributions
The values of the average molecular weights (M w and M n ) and polydispersity index (M w /M n ) of CEL and RCEL, which are calculated from the GPC curves (relative values related to polystyrene), are listed in 25 Although the high content of associated carbohydrates will result in the augment of M w , smaller M w of RCEL with more carbohydrates suggested that the lignin macromolecules was probably subjected to partial depolymerization process during the dissolution process. In fact, subsequent NMR spectra of lignin would add some evidences for the decreased M w , because that the b-O-4 0 linkages were slightly cleaved during the dissolution process. Similarly, it was reported that ionic liquid treatment partly destroyed the b-O-4 0 linkages, 19 which was in agreement with the data obtained by 2D-HSQC in the present study. Moreover, all lignin fractions exhibited relatively narrow polydispersity indexes (M w /M n < 2.0), implying that these lignin fractions are relatively homogeneous molecules.
2D-HSQC spectra analysis
To obtain the compositional and structural characteristics of the isolated CEL and RCEL, the lignin samples were elaborately analyzed using the 2D-HSQC NMR technique. The main structural characteristics of lignin, including basic composition (S, G, and H units) and various substructures linked by ether
in the 2D-HSQC spectra. The side-chain, aromatic regions, and anomeric regions of polysaccharides in 2D-HSQC spectra are shown in Fig. 5-7 and the main substructures are also quantied as previously 26 and the results are listed in Table 4 . In the side-chain regions of the spectra of poplar lignin samples, the substructures, such as b-O-4 0 aryl ethers (A), resinols (B), phenylcoumarans (C), could be safely assigned according to the previous publications, 17, 21, [26] [27] [28] and the specic chemical shis of the substructures are also listed in Table S2 . † It was found that all the lignin samples exhibited similar spectral patterns. In the side-chain regions of 2D-HSQC spectra (Fig. 5) , cross-signals of methoxyl groups (OCH 3 10 is assigned to the C g -H g correlations of p-hydroxycinnamyl alcohol end groups (I). Besides to the common substructures, a typical lignin-carbohydrates complex (LCC) linkage has been detected, i.e., benzyl-ether (BE) linkage, which was detected at d C /d H 81.0/4.65 ppm in all the spectra of CEL and RCELs. In fact, the presence of the BE linkage was also supported by the aforementioned carbohydrates analysis. The chemical composition of the lignin (CEL and RCEL) can be revealed by the aromatic regions of the HSQC spectra (Fig. 6) . The S-type lignin units showed a prominent signal for the C 2,6 -H 2,6 correlation at d C /d H 103.9/6.71, whereas the signal for the C a -oxidized S-units (S) was observed at d C /d H 106.2/7.32. Additionally, the G-type lignin units showed different correlations for C 2 -H 2 (d C /d H 110.9/6.96), C 5 -H 5 (d C /d H 114.9/6.76), and ). Actually, in poplar wood, the exclusively acylated the g-position of lignin side chains is PB, analogously with p-coumarates (p-CA) in grasses. 29 It was reported that g-p-hydroxybenzoylated only linkes with S unit in poplar lignin and that sinapyl p-hydroxybenzoate is produced by enzymatic reaction and used as an authentic monomer for lignication in poplar. The relative abundances of the basic composition (H, G, and S lignin units), and those of the main linkages (referred to as per 100 aromatic units and as a percentage of the total side chains), calculated from the 2D-HSQC spectra of the lignin samples based on a previous publication, 32 are shown in Table  4 . The S/G ratio of lignin is important to evaluate the delignication process of lignocellulosic biomass. In this study, the S/ G ratio of CEL-96% and CEL-80% was 3.08 and 3.09, suggesting that different concentrations of aqueous dioxane have no obvious effect on the S/G ratio of the lignin. By contrast, S/G ratio decreased slightly to 2.96 in RCEL-60 C, and then respectively elevated to 3.41 and 3.36 in RCEL-80 C and RCEL-100 C, suggesting that the lignin fractions obtained can better represent the native lignin in the plant cell wall because of high S/G ratio and high yield of the lignin fractions. However, the S/ G ratios (2.96-3.41) of the lignin fractions obtained in the present study were obviously higher than that (S/G ¼ 2.29) of CEL from poplar wood previously reported. 15 In fact, high S/G ratio of lignin in this study was positively related to the higher yields of lignin obtained because that the lower yield of CEL suggested that the lignin isolated with low yield may mainly originated from lignin fractions in middle lamella, 33 in which it contains fewer methoxyl groups per C9 than that in the secondary wall. suggesting that these BE bonds were cleaved gradually during the dissolution and regeneration process. In fact, low content of BE content in lignin was mostly related to the high enzymatic hydrolysis of the substrate. 35 Oxidation ratio of S-type lignin can be also calculated according to the ratio of S 0 /(S 0 + S). It was observed that RCEL-80 C showed the lowest oxidation ratio among these lignin samples, implying that the S-type lignin units of RCEL-80 C were less affected by the dissolution and regeneration process. Moreover, the slight decreased PB and H 2,6 contents also suggested that the RCEL samples were less affected by the dissolution and regeneration. Considering the yield, the contents of typical linkages
and PB contents, it was concluded that RCEL-80 C was excellent sample for analyzing the chemical composition and molecular structure of lignin from poplar wood.
Quantitative 31 P-NMR spectra
To further evaluate the functional groups of lignin samples, CEL and RCEL were comparatively investigated by quantitative 31 P-NMR spectrometry (Fig. S2 †) . The aliphatic hydroxyls, condensed and uncondensed phenolic hydroxyls, and carboxylic acids were determined by phosphitylation of the lignins with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane. [36] [37] [38] [39] Quantication was carried out via peak integration using cyclohexanol as an internal standard. Details of quantitative data, which demonstrated the various OH groups of the ve lignin fractions, are listed in Table 5 . It was found that the S-and G-type phenolic OH groups in CEL-80% were lower than those in CEL-96%, suggesting that the phenolic OHs in CEL-80% are occupied via forming some lignin-carbohydrate complex (LCC), as also reected by aforementioned carbohydrates analysis of these CEL samples. Aer dissolution and regeneration process, the S-and G-type phenolic OH groups in RCEL-60 C and RECL-80 C increased while those for RCEL-100 C decreased as compared to those of CEL-80%. This fact implied that dissolution under the mild temperatures (60 C and 80 C) resulted in the increase of the phenolic OH groups, while the declined contents of phenolic OH groups in RCEL-100 C suggested that the released phenolic OH probably recondensed into other structures, however, this spectrum still needs to be further veried. In fact, the condensed structures of lignin can be revealed by the appearance of condensed S 2,6 correlated signals in the spectrum of RCEL-100 C. Moreover, it is worth noting that the phenolic OH in Htype lignin structures (PB and H unit) characterized herein mainly belonged to p-hydroxybenzoate (PB) substructures specically linked to the lignin fractions. By contrast, the content of phenolic OH in p-hydroxyphenyl unit was less and stable in all the lignin samples, as revealed by the aforementioned 2D-HSQC spectra. As compared to relative high content (0.40 mmol g
À1
) of PB phenolic OH (be deemed as PB content) in CEL-96%, the decreased content (0.28 mmol g À1 ) of PB phenolic OH was observed in CEL-80%, suggesting that different concentrations of aqueous dioxane probably affect the extraction of lignin with different phenol hydroxyl groups, which is also related to the rule of "like dissolve like". Similarly, a previous publication also demonstrated that MWL and CEL (extracted with 96% dioxane) have much higher phenolic unit contents. 40 Additionally, the slightly decreased content of PB phenolic OH in RCEL-100 C implied that slight cleavage of PB in these lignins occurred during the relative higher dissolution temperature. However, the optimal dissolution temperature of DMSO/[Emim] OAc is 80 C under the conditions given in this study. Furthermore, it was observed that the content of COOH groups in CEL-96% was 0.33 mmol g
, while the value increased to 1.50 mmol g À1 in CEL-80%. Aer dissolution and regeneration, the COOH contents in RCEL-60, 80 and 100 C were 1.16, 1.00, and 0.88 mmol g
, respectively. The largely increased COOH contents in CEL-80% and RCEL-80% are mainly attributable to the existence of uronic acid in these lignins, as aforementioned (Table 2 ). In short, 31 P-NMR data indicated that the RCEL-80 C had moderate amounts of functional groups among these lignins, suggesting the dissolution process at 80 C is more suitable for dissolving the plant cell wall and changing the spatial structure for enzymatic attack during dissolution and regeneration process.
Conclusions
In the present study, a novel CEL extracting procedure was proposed based on DMSO/[Emin]OAc dissolution and regeneration process, which could signicantly enhance enzymatic digestion of the regenerated substrates and extracting yield of lignin macromolecules from triploid of Populus tomentosa Carr.
The state-of-the-art NMR techniques showed that the dissolution/regeneration process enhanced the cleavage of lignin-carbohydrates complex and thus increasing the enzymatic hydrolysis efficiency of the regenerated substrates. In fact, the morphological changes of lignin and structural changes of carbohydrates in plant cell wall, respectively reected by Confocal Raman Microscopy and CP-MAS NMR, leading to the enhanced enzymatic hydrolysis efficiency. Moreover, the frequencies of the major lignin linkages (b-O-4 0 , b-b 0 , b-5 0 , and b-1 0 ) and linked molecules (p-hydroxybenzoate) were quantitatively compared and less structural differences were observed between RCEL and CEL samples from poplar wood, indicating the applicability of this proposed method for lignin extraction is admirable. It is believed that the proposed method for lignin isolation and indentied structures of the native lignin will facilitate the effective deconstruction of the typical poplar wood. Furthermore, the representative lignin sample (RCEL) can be used as a "model lignin" to investigate the chemical transformations of lignin macromolecules in different pretreatment process under the current biorenery process.
